The self-annealing behaviors of an electrodeposited silver lm preferentially oriented in the (001) direction were investigated by in situ electron backscatter diffraction pattern (EBSD) analysis. It was con rmed that there are ne grains with crystallite sizes of approximately 20 nm in an as-electrodeposited silver lm by X-ray diffraction (XRD) analysis. Self-annealing starts after storage for about 2 h at room temperature (R.T.) and recrystallization is almost complete after storage for 6 h. The area fraction of (001)-oriented grains rapidly increases after storage for about 2 h at R.T. and saturates in the range from 70% to 80% after storage for 6 h. In the initial stage of self-annealing, (001)-oriented and (212)-oriented recrystallized grains nucleate. Moreover, (001)-oriented grains mainly grow during subsequent storage.
Introduction
The microstructure evolution at room temperature (R.T.) called self-annealing is well known to occur in electrodeposited lms of copper [1] [2] [3] [4] [5] [6] and silver [7] [8] [9] . Self-annealing occurs within a very short time after electrodeposition such as within one day. Crystal grains are oriented in a certain direction by self-annealing. Since the crystal orientation of an electrodeposited lm strongly affects its corrosion resistance, wear resistance, workability and so forth, elucidation of the self-annealing behavior is very important. Although a relatively large number of studies have been conducted on the self-annealing of electrodeposited copper lms, these have been few studies on that of silver lms [7] [8] [9] [10] [11] . Generally, the change in the crystal orientation induced by self-annealing has been investigated by the X-ray diffraction (XRD) method. Using this method, the crystallite size, the orientation density and so forth have been investigated. Pantleon and coworkers have investigated the self-annealing behaviors of electrodeposited silver lms by the XRD method and reported the kinetics of grain growth and the changes in crystallographic texture in (111)-oriented silver lms 8, 10) . Miyazawa and coworkers have developed a new high-cyanide silver plating solution by optimizing the Se concentration and successfully formed a {200}-oriented electrodeposited silver lm by self-annealing 9, 11) . The lm had good electrical contact resistance of the surface and good bend formability, enabling its application to connectors and switches in automobiles. To precisely control the {200} orientation in a silver lm, it is necessary to clarify the dependence of its self-annealing behavior on its orientation. As described above, since conventional studies were mainly conducted by the XRD method, the changes in the crystallographic texture in individual grains have not been clari ed. Recently, with the increasing use of the electron backscatter diffraction pattern (EBSD) method 12) , orientation changes in individual grains during self-annealing can be investigated by in situ observation 3) . Under such a background, the purpose of this study is to investigate the self-annealing behaviors of an electrodeposited silver lm preferentially oriented in the (001) direction by the EBSD method.
Experimental Procedure
An electrodeposited silver lm with 5 μm thickness preferentially oriented in the (001) direction was fabricated on a Cu plate of size 67 mm × 50 mm × 0.3 mm. The Cu plate was processed by electrolytic degreasing and cleaning with sulfuric acid before electrodeposition. Prior to electrodeposition, a silver strike plated layer was deposited on the Cu plate to ensure adhesion between the Cu plate and the electrodeposited silver lm. The solution used for silver strike plating contained 5.5 g/L KAg(CN) 2 and 90 g/L KCN, and the solution temperature and current density were 18 C and 2 A/dm 2 , respectively. A stainless-steel plate was used for the anode. A cyanide-based plating solution containing 148 g/L KAg(CN) 2 , 140 g/L KCN and 11 mg/L KSeCN was used for electrodeposition, and the solution temperature and current density were 18 C and 5 A/dm 2 , respectively. A pure silver plate was used for the anode. Immediately after electrodeposition, each lm was placed in a freezer at −20 C to inhibit the progress of self-annealing.
Self-annealing behaviors were investigated by in situ observation using a eld-emission scanning electron microscope (FE-SEM) with an EBSD detector at R.T. The growth and changes in the orientation of crystal grains during the self-annealing process were investigated. For the observation, the electrodeposited silver lm was cut into specimens of size 10 mm × 10 mm × 0.3 mm. The normal direction of the surface of the lm was the normal direction (ND) in EBSD analysis. The analysis was conducted with step sizes of 1.5 μm and 25 nm. Moreover, the electrodeposited silver lm was characterized by XRD with Cu-Kα radiation. Figure 1 shows XRD analysis results for electrodeposited silver lms before and after storage at R.T. In the as-electrodeposited state, the intensity of {111}-oriented grains is the highest in the lm. There are also some peaks corresponding to the {311}, {200} and {222} orientations, although their intensities are relatively low. The intensity of {220} peak is negligible.
Results and Discussion

XRD analysis results for electrodeposited silver lms
The crystallite size, D, was investigated using the Scherrer equation as follows 13) .
D: Crystallite size, K: Scherrer constant (= 0.94), λ: Wavelength of X-ray (1.54056 Å in this study), β: Full width at half maximum (FWHM) of X-ray diffraction broadening, θ: Bragg angle Table 1 shows the crystallite size obtained by eq. (1). It was con rmed that the crystallite size is approximately 20 nm in the as-electrodeposited state.
As shown in Fig. 1(b) , it was found that most of the grains have the {200} orientation after storage for 24 h at R.T. Figure 2 shows inverse pole gure (IPF) maps of a (001)-oriented lm obtained by EBSD analysis with a step size of 1.5 μm. In the as-electrodeposited state, there are few grains with a size of a few micrometers. The electrodeposited lm is considered to be in an amorphous state or to consist of very ne grains that are too small to be analyzed by EBSD. As shown in Fig. 1 and Table 1 , ne grains with a sub-micrometer size were detected by XRD analysis, and thus such ne grains are formed in some areas. After storage for 3 h at R.T., the nucleation of (001)-oriented grains was observed and their size ranged from μm order to 10 μm order. The nucleation of (111)-oriented grains was also observed. The size of such grains is at most of μm order and is smaller than that of (001)-oriented grains. Comparing the IPF maps obtained after storage times of 3 h and 4 h, it was found that (001)-oriented grains grow by encroaching on neighboring grains. In contrast, (111)-oriented grains hardly grow with increasing storage time, although the number of nucleated grains increases. After storage for 6 h at R.T., recrystallization by Table 1 Crystallite size, D in as-electrodeposited silver lm.
IPF maps
Crystallite Size, D (nm) 24 15 17 22 self-annealing has been completed in the observed area. Similar IPF maps were observed after storage for 6 h and 72 h and the IPF map after storage for 72 h closely corresponds to the result of XRD analysis shown in Fig. 1(b) . This means that recrystallization by self-annealing has almost been completed in 6 h. Figure 3 shows the intensity distribution in (001) pole gures for the (001)-oriented lm. Grains recrystallized by self-annealing are already oriented in the (001) direction after storage for 6 h at R.T. The orientation distribution did not change after storage for 72 h. From the IPF maps shown in Fig. 2 , self-annealing has been completed during storage for 6 h. Therefore, it was con rmed that the recrystallized grains become oriented in the (001) direction during their recrystallization.
Another minor orientation behavior was also observed 14) . Such recrystallized grains become oriented in approximately the (001) direction during storage for 6 h at R.T. These grains become oriented in the (001) direction by rotating 5 around the TD axis after storage for 312 h. This result shows that the grains that tilted from (001) direction rotate to the (001) direction after the completion of the recrystallization process. Although two self-annealing behaviors were observed in (001)-oriented lms in this study, all recrystallized grains were ultimately oriented in the (001) direction. Figure 4 shows the change in the area fraction for the three major crystal directions evaluated from the EBSD analysis results. In the evaluation, a misorientation of up to 10 was allowed for each direction. As shown in Fig. 2 , no clear dependence in orientation on as-electrodeposited grains was found by EBSD analysis. When the storage time is over 3 h, the area fraction of (001)-oriented grains rapidly increases, and it saturates at 70% to 80% after a storage time of over 6 h. The area fraction of (111)-oriented grains slightly increases with increasing storage time but does not exceed 10%. In contrast, the area fraction of (101)-oriented grains decreases with increasing storage time and it is almost 0% after storage for 6 h. These changes in the area fraction of oriented grains in the three major directions correspond to the changes in the IPF map shown in Fig. 2 and the XRD analysis result shown in Fig. 1(b) . Figure 5 shows the relationship between the maximum grain size and the storage time evaluated from EBSD analysis results. The maximum grain size signi cantly increases as the storage time increases from 2 h to 4 h. This change corresponds to that of the area fraction of (001)-oriented grains shown in Fig. 4 . From Figs. 2, 4 and 5, it was con rmed that the self-annealing process of the (001)-oriented lm has almost been completed after storage for 6 h.
Changes in area fraction and grain size
Initial stage of self-annealing
To investigate the nucleation process of recrystallized grains in detail, EBSD analysis was conducted with a step size of 25 nm for the (001)-oriented lm. Figure 6 shows IPF maps obtained after storage times of up to 2 h. In the as-deposited state, ne grains with a nanometer seize were detected. The same microstructure was observed in the cross section of an as-deposited (001)-oriented electrodeposited silver lm 11) . As shown in the areas surrounded by dotted circles, the nucleation of recrystallized grains with a micrometer or sub-micrometer size was observed. It was con rmed that the recrystallized grains nucleate in the region of noise obtained in EBSD analysis, which is expected to consist of very ne grains or to be in the amorphous state. The main orientation of the nucleated grains is (001) and with a secondary orientation of (212).
To conduct more detailed analysis, a cleaning treatment to delete the region of noise was conducted. Figure 7 shows the IPF map after storage for 1 h 45 min after cleaning treatment. The black area corresponds to the low-reliability area in EBSD analysis. As shown in the areas surrounded by dotted circles in Fig. 7 , grains with (001) and (212) orientations nucleate in the growth direction of the recrystallized grains. Since a (111) plane is a close-packed plane, it has the lowest surface energy when it forms parallel to the surface of the lm. However, the formation of vacancies is required to form a close-packed (111) plane in a matrix consisting of ne grains with relatively random orientations. The formation and growth of the (111) plane with the generation of vacancies should not be easy, enabling grains with the (001) or (212) orientation to be generated easily. In the recrystallization of heavy-rolled FCC metals, the formation of cube texture with (001) planes parallel to the rolled plane has been known for a long time 15) . Therefore, the residual stress in the electrodeposited lm appears to affect self-annealing behaviors. Fur- 
